A wideband 8-antenna Multiple-Input Multiple-Output (MIMO) array covering 3.3-7.1 GHz for Fifth-Generation (5G) sub-7 GHz and New Radio Unlicensed (NR-U) applications in metal-rimmed smartphones is presented in this paper. In this design, the open slot loaded metal rim is directly fed by microstrip line. Hybrid Inverted-F Antenna (IFA) and slot modes are generated. Utilizing impedance matching and reactance loading, the two modes are moved and combined, so as to achieve size reduction and wideband coverage. The size of the ground slot (clearance) is only 12.4 mm × 1.5 mm (0.136 λ×0.016 λ at 3.3 GHz). The proposed MIMO antenna array is fabricated and measured. Results show that in the desired wide frequency band, the proposed design can achieve desirable antenna performances, including isolation >11 dB, total efficiency >47%, and calculated Envelope Correlation Coefficient (ECC) <0.09. Besides, antenna gain, radiation pattern and calculated ergodic channel capacity are demonstrated as well. The proposed metal-rim-integrated MIMO antenna array features small size, simple structure and wide bandwidth. It can be a good application-oriented design in next-generation 5G mobile communication.
I. INTRODUCTION
With the increasing demand for high transmission rate, Fifth-Generation (5G) mobile communication is gradually coming into our sight. Owing to the ability of obtaining higher channel capacity than traditional Fourth-Generation (4G) antennas, Multiple-Input Multiple-Output (MIMO) antenna arrays are deemed to have a broad prospect for 5G mobile terminal applications.
According to Qualcomm's presentation regarding 5G New Radio (NR), a global snapshot of 5G middle band allocation is given in Fig. 1 [1] . Generally speaking, the 5G middle band can be categorized into licensed band, unlicensed/shared band, and existing band. Among them, the existing frequency band mainly refers to Long Term Evolution (LTE) band 41 (2.496-2.69 GHz), which belongs to sub-3 GHz spectrum, and is part of 4G high band. Above 3 GHz, multiple licensed and unlicensed bands form a consecutive wide bandwidth of 3.3-5 GHz, which has been identified by 3rd Generation Partnership Project (3GPP) as the combination of 5G NR The associate editor coordinating the review of this manuscript and approving it for publication was Ali Afana. bands N77 (3.3-4.2 GHz), N78 (3.3-3.8 GHz) and N79 (4.4-5 GHz) [2] . The NR bands N77/N78/N79 together with the unlicensed LTE band 46 (5.15-5.925 GHz) have been recognized as vital components of 5G sub-6 GHz spectrum. The above-mentioned frequency bands have been intensively studied in some previous works [3] - [8] , [11] , [12] . Note that although LTE band 46 is not incorporated in the Qualcomm's presentation for the moment, it is considered as an important unlicensed band for 5G New Radio Unlicensed (NR-U) applications [13] . However, to realize the future prospective of multiband 5G NR-U, more possible unlicensed bands need to be supported. Very recently, Federal Communications Commission (FCC) and Confederation of European Posts and Telecommunications (CEPT) have started initiatives to investigate potentialities for deployment of International Mobile Telecommunications (IMT) services in 5.9-7.1 GHz (to be specific, US 5.9-7.1 GHz, and EU 5.9-6.4 GHz), with considerations for all or part of this range being made available for unlicensed operation [14] . This situation signifies that 5G sub-6 GHz will evolve into 5G sub-7 GHz in the near future.
For terminal antennas, multiband and wideband technique is the key to realize consecutive wideband coverage across the FIGURE 1. Allocation of global 5G spectrum in middle band (excerpted from Qualcomm's 5G NR presentation [1] ). entire sub-7 GHz spectrum. Over the years, a large number of multiband and wideband MIMO terminal antennas have been reported, and some corresponding bandwidth enhancement techniques have also been devised. It is a common technique to generate new resonance modes by employing multiple radiators. In [3] , a dual-band 8-port antenna array has been presented. Each antenna element can cover LTE bands 42/46, which are attained by an L-shaped slot and a side-edge printed monopole, respectively. In [4] , a 12-port MIMO antenna array operating in LTE bands 42/43/46 has been studied, of which the π-shaped element generates an additional resonance by adding a new branch. Adding new radiators is a convenient way to achieve multiband operation, but this method will, to a certain extent, increase antenna size. In recent years, matching circuit has also been regarded as a handy yet effective approach to enhance bandwidth. An 8-antenna metalrim-integrated MIMO array analyzed in [5] can operate in both LTE band 41 and 3.3-3.7 GHz band through embedding two capacitors into radiation branches. A MIMO antenna based on Composite Right/Left-Handed Transmission Line (CRLH-TL) [6] utilizes a band-stop matching circuit to create a new resonance at low frequency. However, matching network will inevitably bring additional insertion loss. Also, for 5G MIMO arrays with 8 or more antenna elements integrated, too many lumped elements will make the design costly. Moreover, coupled feeding is also a feasible bandwidth enhancement technology [7] , [8] . But this method is not always suitable for the mass production of antennas, as the bandwidth potential could be sensitive to the slight variation of the coupled section. In addition, multifeed structure has been used to expand bandwidth for 4G MIMO antennas [9] , [10] . However, this method also lacks some practicability for 5G MIMO antenna design, as the growing number of feeding structures will lead to a steep rise in complexity. Different from the methods mentioned above, mode manipulation technique refers to enhancing bandwidth through controlling and combining the resonance modes of a single radiating aperture. In general, the procedure of mode manipulation includes three steps: mode generation, mode adjustment and mode combination. First, one needs to select a proper radiating aperture, and excites its multiple resonance modes simultaneously. Here, whether heterogeneous mode (e.g., parasitic mode) or homogeneous mode (e.g., high-order mode) could be excited, as long as it has certain potential to cover the desired operation bandwidth. At this point, the excited modes could have relatively poor impedance matching and undesired resonance frequency. Therefore, afterwards, the modes should be fine adjusted, mainly to improve impedance matching, and shift resonance frequency without increasing antenna size. In this step, a 6-dB return loss level is generally acceptable for most 5G mobile handset antennas operating in middle band. The modes are usually shifted towards lower frequency, as this operation could reduce the electrical size of the aperture. Lastly, multiple resonance modes are combined, to form a consecutive wide operation bandwidth. Here, tuning frequency ratio is the key factor. Usually, the high-band modes are tuned towards lower frequency with the low-band modes kept still, in order to realize mode combination and antenna miniaturization simultaneously. Some exemplary designs using mode manipulation and mode combination can be found in [11] , [12] , [15] , [16] , in which consecutively operated wideband slot or loop antennas are introduced. In summary, in contrast with the above-mentioned methods, wideband antenna design based on mode manipulation has advantages of simple structure, low insertion loss and small size (as the number of radiating apertures is usually reduced). If the resonance modes can be controlled subtly, this method will be a good candidate for MIMO antennas supporting a consecutive wide bandwidth.
In this paper, for the first time, a wideband 8-element MIMO handset antenna array that consecutively covers 3.3-7.1 GHz is proposed. The very wide operating bandwidth of the proposed work can cover almost all licensed and unlicensed 5G bands in sub-7 GHz, including three NR bands (N77/N78/N79), and two NR-U bands (5.15-5.925 GHz/5.9-7.1 GHz), as indicated by the shaded area in Fig. 1 . Furthermore, to meet the industrial demand, the proposed antenna array is integrated into metallic rim platform. The proposed design successfully realizes wideband coverage and antenna miniaturization from two aspects: impedance matching and reactance loading. Each antenna element, which consists of a narrow rectangular slot etched on the ground (ground clearance) and a side-edge etched gap, could generate two modes, i.e., Inverted-F Antenna (IFA) mode and slot mode, at one time. The side-edge metal rim is directly fed through microstrip feeding line, thus it could function as radiator (IFA section). By means of meandered impedance transformer and tuning stub, the two diverse modes can be moved and merged, resulting in a wide bandwidth. The reflection coefficients of the proposed antenna array are less than −6 dB across 3.3-7.1 GHz, with isolation greater than 11 dB. Besides S parameters, radiation performances (radiation pattern, total efficiency and realized gain) and MIMO performances (ECC and ergodic channel capacity) are also investigated. The measured results of this work are compared with previous works, to highlight the novelty of the proposed work. CST Microwave Studio Version 2018 is used to obtain the simulated results.
II. PROPOSED 8-ANTENNA ARRAY
A. ANTENNA ARRAY STRUCTURE As we can see from Fig. 2(a) , an FR4 substrate (relative permittivity = 4.4 and loss tangent = 0.025) whose size is 150 mm × 75 mm × 0.8 mm is elected as the main circuit board of smartphone. A metal ground is printed on the back surface. Four side frames (height = 7 mm) are placed vertically, and electrically connected to the edges of the ground plane. The inner sides of the frames are copperplated, so as to simulate the four metal rims of smartphone. Eight centrosymmetric antenna elements (Ant 1 to Ant 8) are arranged along the two long edges. As shown in Fig. 2(b) , the metal ground is located 1 mm higher than the bottom of the metal rims, in order to reserve sufficient space for display module.
B. ANTENNA ELEMENT STRUCTURE
The top view of the antenna element is shown in Fig. 2(c) , which clearly reveals its specific structure. There is a narrow rectangular slot clearance (12.4 mm × 1.5 mm) etched on the metal ground. A rectangular gap is etched on the long side-edge metal rim, which forms an L-shaped slot aperture together with the clearance. Although the side frame is etched, in fact, most antenna designs with integrated metal rims need to be sliced reasonably [5] , [9] . For engineering applications, using nano injection and nano molding technologies, plastic can be filled into the gap to ensure the integrity and mechanical strength of the frame. On the front surface of the substrate, a microstrip line is electrically connected to the inner side of the metal rim to feed the antenna element. A shunt tuning stub, which can be seen as a capacitively loaded tuner, is placed on the left side of the feeding line. Along the feeding strip, there is a narrow meandered line (width = 0.3 mm) joining the straight microstrip at points A and A'. In this design, it functions as an impedance transformer. Because the size of the clearance is only 12.4 mm × 1.5 mm (0.136 λ × 0.016 λ at 3.3 GHz), the proposed antenna element is suitable for application in the limited area between the display module and the metal rim. Further principle analysis of the antenna element will be given in Section III.
C. SIMULATED S-PARAMETER OF THE ANTENNA ARRAY
Simulated S parameters of the proposed MIMO antenna array are depicted in Fig. 3 . Because of the symmetric placements of the antenna elements, only S parameters of Ant 1 and Ant 2 are given. From Fig. 3 , it can be seen that two resonance modes are created, and the simulated reflection coefficients are less than −6 dB in the whole 3.3-7.1 GHz band. The isolation between two adjacent antenna elements in the array is better than 11 dB. The isolations between the other elements farther apart are much better, so they are not plotted in the figure.
III. DESIGN PROCESS AND METHODOLOGY
The design process of the antenna element is shown in Fig. 4 . Besides, the reflection coefficients of the proposed antenna element (Ant 1) and two references (Ant 1A and Ant 1B) are shown in Fig. 5 . The variations of the real and imaginary parts of the input impedance are shown in Fig. 6 .
Ant 1A consists of an L-shaped aperture and a straight microstrip line on the front surface. The antenna excites two modes at the same time. As seen in Figs. 4 and 5, the lowfrequency resonance at 4.95 GHz is generated by open-slot mode (M slot , the length is about 13.9 mm) which is controlled by path CDE, while the high-frequency resonance at 9.34 GHz is generated by IFA mode (M IFA , the length is about 10 mm) which is controlled by path FG [17] . Nevertheless, both modes have relatively high resonance frequencies, especially for IFA mode. Also, the matching of IFA mode needs to be improved.
For Ant 1B, a meandered line AA' is loaded at a distance of 3 mm from the tail of the feeding line. The width of gap BB' of the meandered line is fixed at 0.3 mm. As seen in Fig. 5 , with the meandered line, the resonance frequencies of the two modes are moved to 4.22 GHz and 7.93 GHz, respectively, which are both lower than their original resonance frequencies. The matching of IFA mode also becomes better. The function of the narrow meandered portion AA' is a distributed inductor, whereas the function of the small gap BB' is a distributed capacitor. Therefore, when the meandered line is loaded into the feeding section, it can be considered as an impedance transformer which includes a composite LC network. Fig. 6 illustrates the evolution of the real and imaginary parts of the input impedance. It can be seen from the Fig. 6 (a) that the imaginary part curve near 4.22 GHz descends due to the compensation of the capacitive component of the impedance transformer. The resultant imaginary part hovers around zero, which is a good behavior for obtaining wideband feature. While at high frequency, as illustrated in Fig. 6(b) , the impedance transformer functions more like a series LC circuit resonating at 7.93 GHz. The nature a series LC circuit is that across its resonance frequency, the impedance compensation effect changes from capacitive to inductive. Therefore, the imaginary part on the left side of 7.93 GHz decreases whereas that on the right side increases, which makes the impedance variation near this frequency tend to be smoother. And from Fig. 6(a) , it is known that the real part at 7.93 GHz also varies from 210 ohm to approximately 50 ohm. Therefore, the IFA mode is shifted to 7.93 GHz. To sum up, the meandered impedance transformer mainly has two positive effects, i.e., (1) both two modes can be moved to lower frequency without increasing antenna size, and (2) the matching of IFA mode can be enhanced. However, the working bandwidth of Ant 1B is still unable to completely cover 3.3-7.1 GHz, as the resonance frequency of IFA mode is still too high. Here, the best way to achieve a complete wideband coverage is to decrease the frequency ratio, which means tuning IFA mode to lower frequency while keeping the slot mode almost unchanged. Thus, a small tuning stub is added to the left side of the weak current area, which can be regarded as capacitive loading [see Fig. 7 (b) ]. As shown in Table 1 , the function of capacitive loading is that the resonance frequency ratio is reduced from 7.93 GHz: 4.22 GHz (1.88:1) to 6.76 GHz: 4.22 GHz (1.6:1) [18] . As depicted in Fig. 6(b) , the imaginary part decreases remarkably near 6.76 GHz after adding the capacitive branch. Thus, a null of imaginary part is generated at 6.76 GHz. In addition, the tuning stub has very little coupling effect on the rectangular slot etched on the metal ground, so adding the tuning stub will only make the IFA mode move to the lower frequency, while keeping the slot mode still, thereby merging the two modes to achieve wideband coverage across 3.3-7.1 GHz.
Throughout the entire design procedure from Ant 1A to Ant 1, we can see that the three states of the evolution process are generally in accordance with the three steps of mode manipulation described in Section I, i.e., mode generation, mode adjustment, and mode combination. Firstly, for Ant 1A, diverse IFA and slot modes are created by a simple feeding line and an etched aperture. Secondly, for Ant 1B, to adjust the two modes, a meandered line acting as an impedance transformer is designed, leading to mode shifting and matching enhancement. Finally, for Ant 1, the two modes are combined to support the wide bandwidth, by introducing the capacitively loaded stub. The subtle mode manipulation is realized by two approaches, i.e., impedance matching and reactance loading, which jointly form the unique bandwidth enhancement methodology of this work. Fig. 7(a) shows the electric field distribution on the ground plane at lower resonance frequency (4.22 GHz). It is seen that: (1) the direction of electric field is perpendicular to the slot path, and (2) the intensity of electric field gradually decreases from the open gap to the closed section (path CDE), which indicates that slot mode is excited. Fig. 7(b) shows the current distribution of the antenna metal portion at higher resonance frequency (6.76 GHz). As can be observed, the current mainly concentrates on the feeding line and the metal rim (path FG) enclosed by the etched aperture, which means that IFA mode is generated. The FG part on the metal frame is used as the radiating arm of IFA.
Several parametric studies are given in Figs. 8 to 10, to provide some design guidelines of the proposed antenna array. The impact of the position of feeding line (parameter p) is illustrated in Fig. 8 . Due to the coupling effect of the feeding line on the slot, the slot mode is shifted to the lower band when the feeding line moves to the left. Meanwhile, as the matching branch of IFA becomes shorter, the highband matching becomes worse, which is in line with the basic theory of IFA mode. It can be seen from Fig. 9 that the length of the tuning stub (parameter d 1 ) affects capacitive loading. With the increase of d 1 , the loaded capacitance is enhanced, so the IFA mode is moved towards lower frequency. At the same time, the slot mode almost stays still, which proves that capacitive loading has no strong effect on the slot mode. Fig. 10 reveals the effect of the width of the side-edge gap (parameter d 2 ). As can be observed, the variation of the gap mainly impacts the slot mode. A narrower opening leads to a lower resonance frequency, which is due to additional loaded capacitance. As shown in Fig. 11 , the antenna element can also cover 3.3-7.1 GHz when a series LC circuit (C 0 = 2.4 pF and L 0 = 0.6 nH) is used to replace the meandered line. However, chip capacitors and inductors will introduce additional insertion loss, so the design is not adopted for fabrication. Using the meandered line which can work as an impedance transformer, not only the antenna element can cover 3.3-7.1 GHz, but also no additional insertion loss is introduced. Fig. 12 illustrates the change of reflection coefficient when the proposed antenna element moves along the long side edge. It is shown from the graph that when the antenna element moves from the right corner to the left corner (step = 50 mm), the lower-edge frequency of slot mode shifts slightly to the higher frequency. However, it can be expected that the antenna element can still cover the whole frequency band, by adjusting the position of the feeding line or changing the width of the side-edge gap.
IV. RESULTS AND CORRESPONDING DISCUSSION

A. S PARAMETERS
In order to verify the simulated results, a prototype of the proposed MIMO antenna array was fabricated. Fig. 13 shows the photographs of the antenna array on both sides. The enlarged pictures of the antenna element are also given. The S parameters were measured through Agilent E5071C Vector Network Analyzer. Fig. 14(a) demonstrates the reflection coefficients of Ants 1 to 4. It is clear that each antenna element can completely cover the bandwidth of 3.3-7.1 GHz, with reflection coefficients less than −6 dB. The transmission coefficients of some typical antenna pairs are shown in Fig. 14(b) . The measured transmission coefficients between adjacent antenna elements (S21, S32 and S43) are better than 11 dB. Due to farther separation distance, the isolation between Ant 1 and Ant 3 (see S31) is higher than 17 dB. For other antenna elements arranged along opposite sides, the corresponding isolations (see S51, S62 and S52) are better than 25 dB. The measured and simulated results can well validate each other. In short, the measured results show that within 3.3-7.1 GHz, the proposed MIMO antenna array can meet the performance requirements of both bandwidth and isolation.
B. RADIATION PERFORMANCES
The simulated and measured results of total efficiency and realized gain are shown in Fig. 15 . As can be seen from the graph, the simulated results of antenna efficiency range from 49%-76%. The measured efficiency decreases slightly, but it can still reach 47%-71%. The simulated realized gain of Ant 1 is 2 dBi-4 dBi, while that of Ant 2 is 0.9 dBi-6 dBi. The measured results are in good agreement with the simulation. The simulated and measured radiation patterns in the xy plane for Ant 1 and Ant 2 working at 3.5 GHz, 4.5 GHz, 5.5 GHz, and 6.5 GHz are shown in Fig. 16 . Due to the symmetry of the array structure, the results of other elements are not given. The measured results of co-polarization are consistent with the simulated results. However, because of the interference level of the anechoic chamber, some deviations occur in the cross-polarization. As can be seen from the figure, both Ants 1 and 2 possess almost omnidirectional radiation. Across the entire wide operating bandwidth, their maximum radiations are directed outward (−y axis direction) from the long side edge, even though the main circuit board is surrounded by metal rims. For smartphone applications, this behavior is beneficial to signal reception. The simulated 3-D patterns of Ants 1 and 2 operating at 3.5 GHz, 4.5 GHz, 5.5 GHz and 6.5 GHz are shown in Fig. 17 . It can be seen that the 3-D patterns are almost omnidirectional, and the maximum radiations are also directed away from the smartphone panel. 
C. MIMO PERFORMANCES
In order to evaluate the performances of the MIMO antenna array more comprehensively, the results of ECC and ergodic channel capacity are also given. The ECCs are calculated from the measured complex far field results of each antenna element in an isotropic channel that has 0-dB cross-polarization ratio [7] , [19] . The simulated and calculated values of ECCs are demonstrated in Fig. 18 . For Ant 1 and Ant 2, the simulated and calculated ECC values are less than 0.13 and 0.09, respectively. For Ant 2 and Ant 3, the simulated and calculated ECC values are less than 0.09 and 0.05, respectively. The ECC values between other antenna elements with longer distances (Ant 1 and Ant 3, Ant 1 and Ant 5, and Ant 2 and Ant 6) are close to 0. It is thus clear that the proposed MIMO antenna array has low correlation level, which makes it have favorable spatial diversity characteristics over the whole working frequencies.
The computed ergodic channel capacities are plotted in Fig. 19 . Assuming that the propagation scenario satisfies independent and identically distributed Rayleigh fading, the Signal-to-Noise Ratio (SNR) at the receiver is 20 dB, and the transmitting antennas are ideal (uncorrelated and lossless), the ergodic channel capacities could be computed [20] . It can be seen that in the range of 3.3-7.1 GHz, the ergodic channel capacities of the proposed antenna array operating at 8 × 8 MIMO scheme are 36.45-39.78 bps/Hz, which is about 3.52 times higher than the upper limit (11.29 bps/Hz) of traditional 2 × 2 MIMO system in the same propagation environment. Therefore, the proposed 8-port MIMO antenna array also possesses strong spatial multiplexing capability. 
D. DESIGN WITH SMALLER CLEARANCE SIZE
In order to further reduce the clearance size, a modified design is proposed. The modified structure of the antenna VOLUME 7, 2019 element with an extremely narrow clearance is shown in Fig. 20(a) . The clearance size of the new antenna element is only 12 mm × 0.5 mm (0.132 λ × 0.0055 λ at 3.3 GHz). Fig. 20(b) shows the eight-port MIMO antenna array composed of the new antenna elements, namely Array B. Although the clearance size of the antenna element is very small, it can be seen from Fig. 21 that the antenna element can still cover 3.3-6 GHz, and the isolations of some typical antenna pairs are greater than 10.5 dB. Fig. 22 illustrates that the simulated total efficiencies are higher than 46%, and Fig. 23 shows that the simulated ECC values are less than 0.12.
E. PERFORMANCE COMPARISON
A comprehensive comparison of the proposed work with previous works are listed in Table 2 . Without loss of generality, more recent articles are added into this table [20] - [47] . It can be seen that most previous works fail to integrate metal rim, and none of the antenna arrays listed in the table can fully cover 3.3-7.1 GHz, which incorporates almost all licensed and unlicensed 5G bands for sub-7 GHz and NR-U. Although the MIMO antenna array in [37] can cover 2.3-6 GHz, its isolation and impedance matching are somewhat poor. In [39] , the coupled feeding based MIMO antenna can cover 3.3-6 GHz, which lacks the 5.9-7.1 GHz band for NR-U. The common weakness of [37] and [39] is that neither of them is compatible with the metal rim environment that has become the mainstream of modern terminal devices. In [41] , an 8-antenna array covering 3.3-6 GHz for metal-rimmed mobile phones is introduced, but it also fails to cover the additional unlicensed 5.9-7.1 GHz band. Besides, its ground clearance size (15 mm × 3 mm) is much larger than the proposed work (12.4 mm × 1.5 mm). Apart from wider bandwidth, compared with some 8-antenna arrays, the peak channel capacity of the proposed antenna array is higher than the works reported in [3] - [5] , [20] - [22] , [27] , [29] , [42] , [44] . In addition, the ECC of the proposed antenna array is also relatively low.
Besides, Table 3 and Table 4 further illustrate the highlights of the proposed work. Table 3 shows the comparison of proposed antenna with others working in the metal-rimmed platform. Here, the antennas with printed metal patterns on the side-edge plastic frames are not considered, which is due to the different design concepts and working environments (such designs usually do not require clearance, as the radiators adhere to the frames). It is clear from Table 3 that this design uses lesser clearance but achieves the widest bandwidth. In addition, for Array B, the clearance size of the antenna element is only 12 mm × 0.5 mm. Compared with other references in Table 3 , the clearance size of Array B is the smallest, but it can still cover a very wide bandwidth of 3.3-6 GHz. Meanwhile, Table 4 compares the two arrays (proposed and Array B) with those multiband 5G MIMO handset antennas in terms of number of modes and metal rim integration. As can be seen, only a few antennas are integrated with metal rims. Besides, the proposed work achieves the widest bandwidth (3.3-7.1 GHz) by using two diverse modes. Similarly, Array B covers a consecutive 3.3-6 GHz band also by utilizing only two modes. Nevertheless, in contrast, the other works with two or even three modes generated have shown narrower bandwidths.
Thus, it can be seen that the advantages of the proposed MIMO antenna are mainly embodied in its wide bandwidth, small size, no lumped elements, simple structure, easy processing, and metal-rim integration. The proposed MIMO antenna provides a good application-oriented design, which realizes wideband effect that the previous works failed to achieve in such a simple way. However, because this design mainly focuses on wideband design, although the isolation between antenna elements can reach 11 dB, there is no additional decoupling design. Several works with novel decoupling techniques are expected to be promising for further improving the isolation of the proposed work [48] - [56] . Fig. 24 shows a typical case of a user holding a mobile phone in one hand. Fig. 25 illustrates the S parameters of each antenna element in this case. From Fig. 25(a) , it can be seen that the effective frequency bands of Ants 2, 3, and 6 are slightly shifted to higher frequency, but they can be moved by adjusting the width of the side-edge gap. Fig. 25(b) demonstrates the isolations with user's hand. It can be seen from the figure that the isolations of typical antenna pairs are greater than 10 dB when the mobile phone is touched. Fig. 26 shows the total efficiencies of the antenna elements. Although the total efficiencies decrease in varying degrees, the lowest efficiency can still reach 24%, which reveals the application potential of the proposed MIMO antenna array in the actual 5G mobile communication.
F. EFFECTS OF USERS' HAND
V. CONCLUSION
A wideband 8-antenna MIMO array which can completely cover 3.3-7.1 GHz for future 5G metal-rimmed smartphones is presented in this paper. The proposed design realizes wideband coverage simply by means of mode manipulation, in which IFA and slot modes are generated, adjusted and combined. The methods of impedance matching and capacitive loading are employed in the design process, to achieve frequency adjustment, mode combination, and antenna miniaturization. The proposed antenna array has good performances in the whole frequency range, with isolation >11 dB, total efficiency > 47%, ECC < 0.09 and the ergodic channel capacity reaching 39.78 bps/Hz. With the advent of 5G communication, the proposed antenna array can be a good candidate for next-generation terminal devices. 
